A series of superlattices were grown by molecular beam epitaxy on (1 00) GaSb substrates which had been miscut by 2,3, and 4 degrees toward the <011> direction. These superlattices were then studied by scanning all possible {444} or {511} ( asymmetric) reflections with high resolution multiplecrystal x-ray diffractometry. In addition, the (400) (quasi-symmetric) reflection was scanned . From peak splittings we extracted mismatch and tilt parameters for the epitaxial unit cell. We compared our results for the non-tetragonal component of the distortion to calculations based on the coherent strain model of Hornstra and Bartels ( J. Cryst. Growth 44 , 51 3 (1 978)). We find that this model which was developed for epitaxial growth on a general (hkl) plane also describes our results for growth on vicinal (1 00) planes. The resolution of our data is sufficient to establish that the distortion was not purely tetragonal. A monoclinic unit cell symmetry adequately descibes our results.
Introduction
We have examined the fundamental elastic distortions which occur in coherently strained epitaxial films of lattice-mismatched material grown on miscut (1 00) substrates. We find that there is a non-tetragonal component of the distortion which involves a tilt and that this tilt is small for small angles of miscut. Because tilts are small for the range of miscuts commonly used for MBE substrates, a high resolution x-ray measurement is needed.
Coherent epitaxy on vicinal (1 00) substrates can be viewed in the more general context of growth on arbitrary (hkl) planes. We compare our results to calculated predictions based on the elastic description of Hornstra and Barlels1. The original intent of the mathematical framework developed by Hornstra and Bartels was to describe strains in epitaxial layers grown directly on any (hkl) plane (e.g., (1 00), (1 1 1 ), (31 1 )). We have successfully applied this same formalism to our results by considering very high index surfaces (e.g, (27,1 ,1) for 3 deg miscut).
It is important to distinguish coherently strained films from films which relax via the formation of misfit dislocations because distortions associated with the introduction of misfit dislocations can potentially mask displacements related to coherent growth2. To sort out the different origins of tilts we made measurements on two sets of superlathces. For the first set no misfit dislocations were present. This was corroborated by the mismatch measurements, since no lateral (i.e., along the <010> direction) mismatch was found. For the second set misfit dislocations were present, and lateral mismatch was measured. We find that the misfit dislocations did not alter the measured tilts. This result implies that for the range of miscut angles which we investigated, tilts due to misfit dislocations did not add up in a coherent fashion.
Nagai3 has speculated that the strain at a stepped interface produces tilts as shown in Fig. 1 . We were interested in determining the actual strain due to a stepped interface. We chose the GaSb/AISb superlattice system for this study because of the large range of mismatch , 0.65%, available and because both coherent and incoherent superlattices with convenient and useful overall thicknesses could be grown controllably and reproducibly by molecular beam epitaxy (MBE).
(Single epitaxial layers of AlSb are much harder to handle due to the reactivity of AlSb with room ambients). The measurements which we report here all apply to the average lattice of the superlattice and not to the lattices of either the GaSb or the AlSb layers individually. That is, our results were all obtained from splittings between the zeroorder superlattice Bragg peak and the substrate Bragg peak.
Crystal Growth and Diffractometry Details
An undoped GaSb boule was aligned using a Laue backscattering camera, and (1 00) slices were cut misoriented by 0,2,3 and 4° towards <011>. These wafers were polished with brominemethanol and cleaned in vacuo under an antimony flux in a non-commercial MBE apparatus. Superlattices consisting of 6 periods of 75 A I 75 A AlSb I GaSb were grown on each of the miscut substrates at 520 0 C from elemental sources. Both the total superlattice thickness (900 A) and the 75 A layer thickness for AlSb are consistent with misfit -free, coherent epitaxy in this system A second series of samples consisting of 1 6 penods with the same layer thicknesses was also grown. For this latter case the superlattice is sufficiently thick (2400 A) that misfit dislocations were anticipated . Table I identifies the properties of each superlattice. The diffraction data were obtained with a custom high resolution diffractometer provided by Blake Industries and placed on a rotating copper anode source. The monochromator stage of this diffractometer is shown in Fig.2 . The first crystal was a Ge crystal miscut by 3.7° from (1 00). We used the (311) reflection from this crystal. The asymmetry factor in this case is b= -0.12. We employed mostly the (311)a configuration with the incident beam from the anode entering at a high angle and the beam exiting from the first crystal at a low angle. The effect of this arrangement is to concentrate the radiation in a smaller area on the sample. A second channel-cut Ge crystal followed the first crystal in the x-ray optical path. The channels were (111) faces and we used (333) reflections. The first crystal and the first face of the channel-cut crystal form a (+,+) arrangement, and this provides high resolution. The second reflection of the channel-cut crystal redirected the beam conveniently. The (+,+) arrangement forms a true monochromator and is wavelength-dispersion free for all samples . This is a powerful advantage over a double crystal arrangement which is wavelength-dispersion free only if the Bragg spacings for the first and second crystals are the same. The CuKa1 and CuKa2 lines were well separated in the present arrangement , and we aligned the mononchromator to pass CuKa1. We used a Peltier-cooled lithium-drifted silicon detector to obtain the diffraction data. The dark count rate with this detector was 1 count in 3 minutes. Diffraction from the {444} planes was examined for superlattices with 6 and 16 periods offcut by 2 and 3°. The scattering geometries employed on the terraced samples are schematically depicted in Fig.3 . The vector vd points in the 'downstairs' <011> direction ofthe terrace. There are two possible {444} reflections with the sample positioned on the diffractometer so that vd lies in the diffraction plane. We have indexed the reflection which has its reciprocal lattice vector towards the 'downstairs' side as the (444) reflection and the one on the upstrairs side as the (444). Similarly, there are two possible (444) reflections at 900 to the terrace direction. These are (444) and (444). Each of these asymmetric reflections was scanned twice, once with a low incidence angle which we have designated as 'b' scans and once with a high incidence angle which we have designated as 'a' scans. For coherently strained epitaxy on flat (100) planes (i.e.,zero miscut angle), the epitaxial lattice symmetry is pure tétragonal and the angular difference between the peaks has two sources5. The first part is denoted as Ae and is due to a difference in Bragg spacing which causes a difference in Bragg angle. The second part results from the relative inclination of equivalent planes and is denoted as A'P. For analyses of the present data we found that the tetragonal symmetry was lowered since different values of A and LW were obtained for the (444) reflection than for the (444) reflection (i.e., the interrace cases). We made our analyses by replacing Le and iW with (M + 88) and ( Eiq' + 8) The angular separation between peaks for all of the four interrace cases are given below: A similar analyses was also made for the out-of-terrace cases. The outof-terrace cases, however, were not expected to exhibit non-tetragonal symmetry, and we expected to find So 8v 0 • Equations 1 (a) through 1 (d) constitute four equations and four unknowns.
An example scan is shown in Fig.4 . Our angular separations are all referenced to the substrate peak which leads to negative values for the co's. The data are listed in Table II. From Table II it is clear that the in-terrace and out-of-terrace cases are qualitatively different. By employing Eqs.1 a-d, we obtained the results shown in Table Ill .
These results clearly show that for the in-terrace case is not zero. We consider the 59 and values for the out-of terrace cases to be an indicator of our precision. The results listed in Table Ill would 
Coherent Strain Model
The strain tensor of the deformed film can be calculated according to the formalism developed by Hornsta and Bartels1 . From the tensor, calculated values for 9 and w can be obtained. In brief, Hornstra and Bartels proceed by first applying a hydrostatic strain to the film until it matches the substrate coherently. The film is then conceptually fitted to the substrate and the stresses applied to the surface are released. By applying the condition that the three Cartesian components of the stress at the surface must be zero, we can obtain the elements of the strain tensor and thus all the strains. For coherent growth on (100), {11O}, and {111} planes the strain tensor is diagonal, and there are no shear strains. For growths on these planes only tetragonal distortion occurs. However, a shear strain also occurs for surfaces of lower symmetry, and for these surfaces the distortion is not simply tetragonal. To compare with our results, diffraction parameters were calculated for {444} reflections on the following growth surfaces: (1 00 The results of this calculation are given in Table IV . The calculated results in Table IV agree well with those extracted from the data and listed in Table Ill , and we conclude that Fig.3 illustrates the unit cell symmetry of all our samples.
Lattice Mismatches
The values of te and M' which we have obtained from the data also allow us to calculate the [100] , [010] , and [001] mismatches. This is possible because these quantities are due to the pure tetragonal part of the distortion, and we can apply the known formulas which apply to tetragonal distortion. An examination of Table Ill Table VI .
Clearly samples 6 and 7 which have 1 6 period superlattices are quantitatively different than samples 2 and 3 which have 6 period superlattices. We conclude that the 16 period superlattices were not coherent with the substrate (i.e., they contained misfit dislocations at the substrate/superlattice interface). We have also computed lattice tilts from our measurements. The Hornstra and Bartels1 formalism predicts that the tilt denoted as a in Fig.5 should be significant in our case7. The other tilt shown in Fig.5 which is denoted as 3 is predicted to be an order of magnitude smaller. We have ignored in our analyses and thus refer to the distortion as monoclinic and not triclinic. a tilts have been computed from o and values using the following relationships which we have derived:
Small angle approximations have been made in the derivation of Eqs.6-9. The results are listed in Table VII and are shown in Fig.6 . Also listed in Table VII and plotted in Fig.6 are tilts obtained directly from (400) rocking curves.5 These results clearly show a systematic increase in tilt with increasing miscut angle, and they do not reveal a significant difference between the 6 period and 1 6 period samples. We conclude that tilt contributions due to misfit dislocations did not add coherently.
Summary
Using high resolution x-ray difractometry , we have examined the fundamental distortions which occur in epitaxial films of lattice-mismatched semiconductors grown on vicinal (1 00) surfaces miscut from (1 00) by 2,3, and 4°. We find that there is a non-tetragonal component of the distortion , and that our data indicates a monoclinic unit cell symmetry. Our results agree with predictions calculated by us using the formalism of Hornstra and Bartels1 which was developed for epitaxial growth on a general (hkl) surface. Lattice tilts were also extracted from our data , and we find that the presence of misfit dislocations did not affect the tilts.
